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ABSTRACT

The seismic data analyzed include an Aleutian earthquake,
several samples of ambient noise along with the noise occur-
ing before the event, and a 25 second sample of coda follow-
ing the signal. The signal coda sampled had nearly uniform
power. A preliminary interpretation of the noise and signals
strongly suggests the importance of energy conversions possibly
due to the complex geology at APOK. The geoclogy is known to
be very complex and is characterized to first order a thick
wedge of low velocity strata imbedded in material of higher
propagation velocity. The evidence of conversion is based
on the asymmetry of the F-K spectrum of ambient noise with
respect to positive and negati/e wave number. The results
indicate a predominance of obliquely incident up-going waves
at all frequencies. Further, the signals and coda similarly
displayed anomalous down-going pulses attenuated by approx-
imately 6 db with respect to the up-going pulse. Further,
the down-going pulse contains lower frequencies than the
up-going pulse and has a much lower apparent vertical velocity.
The results obtained by mirror imaging the vertical array
indicated that a loss of approximately 3 db would be encount-

ered in using a conventional signal model at this site.
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ARRAY RESPONSE

Due to the finite dimension of the array and the uneven
spacing of sensors, and finite duration of the samples, the
response to a sinusoidal wave input can be very complicated
and can possibly lead to misinterpretations. For an analysis

of the response of a continuous finite array consider the re-
sponse to sine wave inputs.
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The total power response of the array is

R (w) = P, (w) P, (k)

T X

From this it is clear that the response of the F-K spectrum
to a sinusoidal wave of given frequency and wave number is a
5 complicated function of both frequency and wave number and in

practice is even much more so due to finite and uneven samp-
ling in space. Thus to make rigorous use of the F-K analysis




as a tool one should compare a model with the observed data,
and conclude that the model is adequate only if the F-K spec-
tra qualitatively match the model. In this preliminary report,
this is not stressed enough, but as a cautionary aid the re-

sponse of an impulse for the case of infinite apparent vertical

phase velocity is shown with each F-K spectrum, and several |
synthetic cases are run for simple models of a signal and a

model of the ambient noise. !

The signal model is generated with 1.25 cps pulse with
a .8 second echo at the source and with a receiver echo de-
layed by "1sing appropriate uphole times obtained from pro-
pagation velocities observed at APOK and with a surface re-
flection coefficient of 0.9. The signal model F-K spectrum
is shown on Figure 1. The split peak in the spectrum is due
to the source echo which nulls at 1.25 cps. The strip at the
bottom shows the array response.

The noise is simulated by taking random numbers from a
Gaussian population and passing them through a tuned filter !
at .25 cps and 2.0 cps to obtain a model of the noise at the I
surface. The model of the noise at underlying depth is ob-
tained from a stationary Markov chain; for example, the
noise at the i‘th level is taken as a fraction of the noise of ,
the (i - l)‘th channel added to a new random realization
passed through the tuned filters. An example of this noise
model is shown on Figure 2. It is similar to ambient noise
observed at APOK (see Figure 3), except that the highly cor-
related noise peaks observed in the signal band (.7<f<2.)
were not put into ‘the model. In the model the sharp spec-
tral peak at .25 cps (Figure 2) is for highly correlated
noise between channels contrasted with that at 2.0 cps where
the noise which is uncorrelated between channels, with the
results that the peak is spread broadly over all wave numbers.
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AMBIENT NOISE

The ambhien! noise spectrum derived from a four minute
sample is shown on Figure 3. Comparing this with noise gen-
erated from a Markovian process, the .25 and 2.0 cps peaks
are of similar character suggesting very high correlation
between channels for the .25 cps peak and very low corre-
lation for the 2.0 cps noise peak. The principal difference
between the observed noise at APOK on Figure 3 and the syn-
thetic noise generated using the extremely simple linear state
model is a rotation of the whole pattern toward negative wave

numbers. This same effect can be produced by inputing the

random function to a process which produces negative delays ,
or lead time equal to X/C representing conversion to up-going
waves where the apparent vertical phase velocity C is obtain-
ed from the slope of the line shown on Figure 3. The value
obtained for C is approximately 12 km/sec corresponding to an i
incidence angle of about 75°. This suggests the possibility

of Stonely waves guided upwards along the thick low-velocity

layer, dipping 15°. This possibility is qualitatively con- i

sistent with the anomalous signal shown on Figure 5.

Other differences between observed noise on Figure 3
and the model on Figure 2 are the three noise peaks at 1.0
cps, 1.4 cps, and 1.6 cps. The 1.0 and 1.4 peaks appear to
be highly correlated bctween channels; the 1.6 shows low
correlation in the noise between adjacent channels. These
peaks in the signal band appear to have nearly infinite
vertical phase velocity and are probably due to Rayleigh
waves, i.e., vertical and possibly also horizontal standing
waves trapped in the basin bounded by higher velocity base-

ment complex rocks.




SIGNAL, NOISE PRECEDING SIGNAL, AND CODA

A 30-second noise sample before the arrival of the Aleu-
tian event is shown on Figure 4. Comparing this with the am-
" ient noise samples on Figure 3 we note the same asymmetry
in the F-K spectrum. In addition, up-going body waves are
indicated by peaks at .85 cps, 1.25 cps, 1.5 cps and 2.0 CpS&.
There is much weaker indication of down-going waves at .85
cps, down by 3 db from the up-going waves. Waves of infinite
vertical phase velocity (possibly Rayleigh waves,) are indi-
cated by the series of peaks - occurring along the frequency
axis at k = 0. For this sample, these peaks are indicated

with approximately the same power as the up-going body waves.

A b-second sample of the earthquake pulse is shown on
Figure 5. The up-going pulse gives spectral peaks at .85 cps,
1.20 cps, and 1.9 cps. The apparent vertical phase velocity
is‘approximately the same as that shown by Figure 4 for the
noise preceding the signal. Lower than expected vertical
phase velocities sugge<st departure from the simple model of
a pulse and echo based on acoustic log velocities (Figure 1).
The apparent velocities are lower by at least fifteen to
twenty percent. Also, the down-going earthquake pulse is
even more anomalous. The amplitude is down 6 db from that
of the up-going pulse; the apparent vertical velocity is very
low; and the .85 cps peak down-going phase appears to contain
lower frequency. A possible explanation offthe anomalous sig-

nal can be based on dipping beds.

This may help to explain the anomalous low amglitude
down-going reflection. The anomalous apparent vertical velo-
cities may result from forward scattered P-S conversions,

- especially at the surface, due to anomalously iLigh angle of
emergence. Looking again at Figure 5, there appears to be
signal peaks at nearly infinite vertical phase velocity.

qeT




L) Although possibly due to the array response, no such effect
is observed on the simulated signal on Figure 1 which, of

course, uses the same array geometry.

A 30-second sample of the coda following the signal is
shown on Figure 6. These show apparent spectral peaks in
the signal at .8 cps, 1.1 cps, and 1.35 cps. The overall
character of the coda F-K spectrum is nore similar to the
signal than the noise preceding the signal, but is yet con-

; siderably different in detail from that of the signal.

Figures 7, 8, 9, and 10 are processed by taking the

mirror image of the vertical array, which aligns the up-

going and down-going pulses into a single step-out pattern.
2 This will attenuate conversions to up or down-goind P or S
waves and amplify normally reflected P pulses and Rayleigh
waves. It will also effectively double the aperture of the
array for these kinds of waves. Figure 7 for the ambient
noise shows body waves down 3 to 6 db from those of appar-
ently infinite vertical phase velocity. Similar results
are shown for the noise before the Aleutian event on Figure
8, also showing the noise field to be d.,wn considerably
lower in the signal event. However, due to the groscly
anomalous nature of the signal at APOK, the signal and coda
are also down by 6 db compared to 3 db for the noise pre-
ceding the signal. Thus a loss of at least 3 db is ex- .
pected if the signal model at APOK is taken as a normal up- f
gcing pulse and echo. For the imaged array, the frequency
of F-K spectral peaks appear to be more consistent between
the signal and its coda. The imaging techniques appears to

eliminate conversions other than a simple echo at the surface.
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Figure 4, Noise sample before the Aleutian Earthquake
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Figure 5. Main pulse of the Aleutian Earthquake
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Figure 6. Coda following the main pulse of the
Aleutian Earthquake
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Figure 7. Mirror imaged ambien: noise sample
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Figure B, Mirror imaged noise before Aleutian Earthquake
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Figure 9. Mirror imaged main pulse of Aleutian Earthquake
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Figure 10. Mirror imaged coda of Aleutian Earthguake




Unclassified

Security Classification

DOCUMENT CONTROL DATA - R&D

ALEXANDRIA, VIRGINIA

(Security clessilication al title. body ol obetract end indesing tatton mustl de enltered when the overull tepert to elesailted)
{ ORIGINATING ACTIVITY (Corporsta suther) 2@ REPONY BECURNITY C LABSIFICATION
TELEDYNE, INC. Unclassified
25 omour

3. ARPORY TITLE

FREQUENCY-WAVLENUMBER ANALYSIS OF SIGNALS ANC NOISE RECORDED AT THE
VERTICAL ARRAY AT APACHE, OKLAHOMA

s DESCRIPTIVE NOTES (*m ol report and Inchseive datee)
Scientilic

S AUTHOR(S) (Leel nams, Nral name, initiel)
Sax. Robert L.

h

& FROJECY NO.

VELA T/6702
o

ARPA Order No. 624

¢ ARPA Program Code No.
F10. AVAILABILITY/LIMITATION NOTICES

This document is subject to special export controls and each trans-
mittal to foreign governments or foreign national may be made only

s REPORT DATE 78 YOTAL NO. OF PAQES 70. NO. OF REPS

September 8, 1967 17 --
00 CONTRACYT OR GRANT NO. 08 OMIGINATOR') ARPORT NUMBENR(S) .
F 33657-67-C-1313 196

5810 -

). a’vguu N,ﬂol' NO(S) (Any ather numbors that moy be ssolighed

approv of Chief, AFTAC.

1. SUPPL EMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

ADVANCED RESEARCH PROJECTS AGENCY
-—— NUCLEAR TEST DETECTION OFFICE
WASHINGTON, D. C.

13. ABSTRACT

The seismic data analyzed include an Aleutian earthquake, several
samples of ambient noise ulong with the noise occuring before the event, and
a 25 second sample of coda following the sjgnal. The signal coda sampled
had nearly uniform power. A preliminary interpretation of the noise and
sighals strongly suggests the importance of energy conversions possibly
due to the complex geology at APOK. The geology is known to be very complex
and is characterized to first order a thick wedge of low velocity strata
labedded in material of higher propagation velocity. The evidence of con-
version is based on the asymmetry of the F-K spectrum of ambient noise with
re.:27t to pcsitive and negative wave number. The resultr indicate a
preduainance of obliquely incident up-going waves at all frequencies. Further,
the signals and coda similarly displayed anomalous dnwn-going pulses a“ten-
uated by approximately 6 db with respect to the up-going pulse. Further,
the down-going pulse contains lower frequencies than the up-going pulse and
has a much lower apparent vertical velocity. The results obtained by mirror
imaging the vertical array indicated that a luss of approximately 3 db would
be encountered in using a conventional signal model at this site.

L____AA
DD ™. 1473 Ubclassified

o cation

TR B 2 LN e




G

Unclassified
Security Classificaiion
te
REY, WORDS LINK A LINK B LINK C
ROLE wY ROLE wT RCLC wT

Seismology
Seismic Noise
Deep Well
Spectrum

Signal Analysis

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Eater the name end eddrees
of the contractor, eubcontrector, grentees, Department of De-
fenae activity or other organization (corporete author) iesuing
the report.

2s. RFPORT SECURITY CLASSIFICATION: Enter the over
all eecurity clazaification of the report. Indicate whether
"Reetricted Date’” ia included Merking la to be in accord-
ance with appropriete aecatity regulations.

26. GROUP: Autza atic downgrading ia apecified in DoD DI-
rective 5200, 20 an’ ~-sied Forcea Industrisl Manual, Enter
the giroup rumbes. Alac, when appliceble, ahow that optional
mo.r‘k\nu heve becn used for Group 3 end Group 4 ‘ee author-
ized.

3. REPORT TITLE: Enter the compiete report title in all

cepitsi letters. Titlea In ali caeea ahould be uncleaeified.
if & meeningful title cennot be ael=cted withoui claesifica-

tion, show title claasificetion 1n all capitele in parantheaia
immedistely foliowi’ g the title.

4. DESCRIPTIVE NOTES !’ appropriste, enter the type of
report, e.g., interim, p:ogrese, summery, annuet, or final.
Give th  nclueive dates when & epecific reporting perlod ia
cover

S. AU. HOR(S: Enter the name(a) of suthor(sa) e ehown on
or In the report. Ente: tast neme, firat neme, middle Initisl.
If wilitery, whow rank end brench of eervice. The name of
ihe principel author iv an sbeolute minimum requirement.

6. REPORT DATE: Enter ths date of the report aa dey,
month, year; or month, year. If more then ore dste appears
on the report, use dete of publication.

7e¢. TOTAL NUMBER OF PAGES: The tote) page count |
ehouid foilow normal pagination procedures, i.e., enter the
number of pagea containing ‘nformation

76. NUMBER OF K"FERENCES Enter the totei number of
referencea cited in jhe report.

8s. CONTRACT OUR GRANT NUMBER: If approprirte, enier
the applicable number of the contract or grant under which
the repo:t was written

85, &, & 84. PROJECT NUMBER: Enter the spproptiate
mililary department idenilficeiion, auch sa project numbur,
sutproject numbsr, aystem numbers, task number, eic.

@a. ORIGINATOR'S REPORT KUMBER(S): Enter the offl-
clal report number by r-alch the document will be identifled
and controlied by il:< . ciginsting sctivily. Thia number muat
be unique to thia regurt.

95. OTHER REPORT NUMBER(S): If the report hes been
aasigned any ojher rey >rt numbera (either by the originator
or by the spunsor), vlso erier thia number(a).

T0. AVAILABILITY/LIMITATION NOTICES: Eater eny lim-

| projeci code name, geogrephic location, may be used as key

“ lstions on further dlsaemination of the report, alher than thoae

imposed by security ciseasificetion, ueing stendard stetemente
such as:
() **Queiified requestere may obtein copiea of this
report from DDC.*’
(2) *Foreign snnouncement end disseminetion of thia
report by DDC ia not suthorized. *’
(3) ''U. 8 Government agencles may obtain copiee of
thie report directiy from DDC, Other qualified DDC
usera shall request through

(4) ''U. 8. miiitery egenclea may obtein copiee of thia
report directly from DDC. Other quaiified ueera
ehell requeast through

(5) '"All distribution of thie report ia controiied. Qual-
ified DDC users eheii request through

if the report hes been {urniched tc the Office of Technicel
Servicee, Department of Commerce, for esie to the public, indi-
cete thie foct end enter the price, if known

11, SUPPLEMENTARY NOTES: Uee for additional expiana-
tory notes.

12. SPONSORING MILITARY ACTIVITY: Enter the name of
the depsrtmental project office or 1aboretory eponsoring (pay-
ing l_or) the research and deveiopment. Inciude sddress.

13. -ABSTRACT: Enter en abetract giving a brief and factual
eummery of ihe document indicetive of ihe report, even though
it may siso eppasr cieewhera in the body of the technicsl ra-

port. If edditional epace ie raquired, ¢ continuation shaet ahali
be. ettached.

11 ia highly deairabie jhat the abstract of claeslfied raports’
be unciessified. Each paragraph of the abstract shall end with
en indicetion of the mliltary security claaeification of the in-
formation in the paragraph, rapreaented us (T$). (8). (C), or (V).

There 1a no limitajion cn the of the absiraci. How-
ever, the auggested length is from 150 io 225 worda.

14. KEY WORDS: Key worda are technically mesningful terma
or sbort ph thaj cheracierize a raport and may be uaed ap
index entriea for cajeloging the . Key worda musj be

aelecied ao that no escuilty clasaification la required. Ident-
fiers, auch aa equipmeni mode! deaignailon, trade name, miiitery

worda but will be followed by an indication of jechnical con-
texl. The assignment of linka, rules, end waighis le optional.

Unclassified

= + o, e st
muﬂty—annlﬂcnma

B




